Aims/hypothesis Progression to type 1 diabetes in children and adolescents is not uniform. Based on individual genetic background and environment, islet autoimmunity may develop at variable age, exhibit different autoantibody profiles and progress to clinical diabetes at variable rates. Here, we aimed to quantify the qualitative dynamics of sequential islet autoantibody profiles in order to identify longitudinal patterns that stratify progression rates to type 1 diabetes in multiple-autoantibody-positive children. Methods Qualitative changes in antibody status on follow-up and progression rate to diabetes were analysed in 88 children followed from birth in the prospective BABYDIAB study who developed multiple autoantibodies against insulin (IAA), GAD (GADA), insulinoma-associated antigen-2 (IA-2A) and/or zinc transporter 8 (ZnT8A). An algorithm was developed to define similarities in sequential autoantibody profiles and hierarchical clustering was performed to group children with similar profiles. Results We defined nine clusters that distinguished children with respect to their sequential profiles of IAA, GADA, IA-2A and ZnT8A. Progression from first autoantibody appearance to clinical diabetes between clusters ranged from 6% (95% CI [0, 16.4]) to 73% (28.4, 89.6) within 5 years. Delayed progression was observed in children who were positive for only two autoantibodies, and for a cluster of 12 children who developed three or four autoantibodies but were IAA-negative in their last samples, nine of whom lost IAA positivity during follow-up. Among all children who first seroconverted to IAA positivity and developed at least two other autoantibodies (n = 57), the 10 year risk of diabetes was 23% (0, 42.9) in those who became IAA-negative during follow-up compared with 76% (58.7, 85.6) in those who remained IAA-positive (p = 0.004). Conclusions/interpretation The novel clustering approach provides a tool for stratification of islet autoantibodypositive individuals that has prognostic relevance, and new opportunities in elucidating disease mechanisms. Our data suggest that losing IAA reactivity is associated with delayed progression to type 1 diabetes in multiple-islet-autoantibodypositive children.
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Introduction
Type 1 diabetes is a chronic autoimmune disease with increasing incidence, particularly in young children [1] . The development of type 1 diabetes is associated with humoral and cellular immune responses against antigens expressed in the insulin-producing beta cells of the islets of Langerhans within the pancreas [2] . Although the aetiology of the disease is still uncertain [3] , an interplay of genetic predisposition, causing a defective immune regulation, and environmental influences, such as infant diet [4] , viruses [5] and/or other still poorly defined factors [6] , is thought to contribute to the initiation and continuation of an autoimmune process that leads to destruction of beta cells and, consequently, clinical diabetes [2] . For more than two decades, prospective cohort studies starting at birth have examined the development of islet autoimmunity and diabetes and amassed invaluable data on the natural history of type 1 diabetes [7] [8] [9] [10] . We are now at the stage where we can apply refined mathematical modelling using longitudinal data to elucidate complex interactions and mechanisms in the pathogenesis of the disease.
Recent findings suggest that children who develop autoantibodies against multiple beta cell autoantigens will almost inevitably develop clinical diabetes, although the progression rate may vary from months up to many years [11] . Identifying features that stratify this progression could be of benefit for prediction and prevention studies, and may help to identify mechanisms accelerating or delaying diabetes onset. With respect to islet autoantibodies, some of these features are known [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . However, the analysis of longitudinal profiles, which might picture disease pathogenesis more precisely, remains challenging. In particular, there is a need for methods addressing complex temporal interactions between multiple disease-associated factors (e.g. autoimmune, genetic, metabolic and environmental factors) as well as their qualitative and quantitative changes over time. Towards this aim, we provide a mathematical model quantifying similarities of sequential islet autoantibody profiles in multiple-autoantibody-positive children from the prospective BABYDIAB study cohort [7, 22] . This method allowed us to cluster children with similar longitudinal profiles and identify a subgroup with markedly delayed progression of islet autoimmunity to clinical type 1 diabetes among those developing a broad autoantibody response against three or more beta cell autoantigens.
Methods
Study cohort, participants and samples The study was performed in children from the BABYDIAB study, a longitudinal study examining the natural history of islet autoimmunity and type 1 diabetes in 1650 children born to a mother or a father with type 1 diabetes [7, 22] were measured in samples taken at all scheduled visits. If a child had a positive autoantibody finding, the family was asked to provide a sample for confirmation of autoantibody status within 6 months and provide further samples yearly. An OGTT was performed yearly in islet autoantibody-positive children. Families were asked to report the occurrence of symptoms of diabetes. Diabetes onset was defined according to ADA criteria [23] . By August 2015, the median follow-up time from birth to the last sample was 14.1 years (interquartile range [IQR] 8.0-18.0 years). In total, 170 children developed IAA, GADA, IA-2A and/or ZnT8A that were positive in at least two consecutive blood samples. These children were followed from seroconversion for a median of 8.5 years (IQR 4.5-12.6 years). Of these 170 children, 88 (52%) had developed two or more of the islet autoantibodies and 60 (35%) had developed diabetes. Longitudinal autoantibody profiles of the 88 multiple-autoantibody-positive children were analysed in the current study. The BABYDIAB study was approved by the Ethics Committee of Bavaria, Germany (Bayerische Landesärztekammer number 95357). All families gave written informed consent to participate in the study. Investigations were carried out in accordance with the principles of the Declaration of Helsinki, as revised in 2008.
Islet autoantibody measurements Levels of IAA, GADA, IA-2A and ZnT8A were determined using radio-binding assays as previously described [22, 24] . The upper limit of normal for each assay was determined using Q-Q plots and corresponded to the 99th percentile of 836 control children. Children were considered islet autoantibody-positive when two consecutive serum samples were positive. Autoantibody assays were evaluated by the Diabetes Antibody Standardization Program, and performances are shown as laboratory 121 in published reports [25] [26] [27] .
Genotyping HLA class II alleles HLA-DRB1 and HLA-DQB1 were determined using PCR-amplified DNA and nonradioactive sequence-specific oligonucleotide probes, as previously described [28] .
Clustering algorithm for longitudinal autoantibody profiles We developed an algorithm to define a distance measure between sequential autoantibody profiles that allows accounting for qualitative changes in antibody status over time (Fig. 1) . The distance measure was used for clustering of prospectively followed children based on similarity of their longitudinal islet autoantibody profiles. The source code of the algorithm is provided in the electronic supplementary material (ESM).
First, the algorithm transforms longitudinal quantitative autoantibody levels of IAA, GADA, IA-2A and ZnT8A into binary vectors based on thresholds for positivity of the autoantibody assays (Fig. 1a ). Removing identical successive profiles then leads to one compressed matrix per child of qualitative changes in autoantibody profiles over time. Second, the compressed matrices are compared between all pairs of children by counting the number of identical binary entries in each pair of rows of the respective matrices, i.e. the non-normalised Hamming similarity [29] between the respective rows, and numbers/similarity values are written into a matrix of row similarities (Fig. 1b) . All possible paths from top left of this matrix (representing the similarity between first autoantibody profiles of two children) to bottom right (representing similarity between last profiles) are then searched by going down and/or right only, and the path with the highest sum of entries is selected as the highest-scoring path. Third, the similarity values on the highest-scoring path are used to define a score (S) for the respective pair of children by taking a weighted average of the values on the highest-scoring path (Fig. 1c) . Weights are allocated to the entries on the scoring path to ensure that similar endpoints are assigned higher scores. This is achieved by choosing . The latest similarity value (bottom right in the matrix of row similarities) is assigned the highest weight while the earliest value (top left in matrix) is assigned the lowest weight. Finally, the score S is transformed into a distance measure via
To determine distinct clusters of children based on their longitudinal autoantibody profiles, the distance measures calculated this way for all pairs of children were used for hierarchical clustering using the unweighted pair group method with arithmetic mean (UPGMA) method [30] .
Statistical analysis Kaplan-Meier survival analysis was used to examine progression from islet autoantibody seroconversion to type 1 diabetes. The period from the age of seroconversion to the age at diagnosis of diabetes or the age at last contact in non-diabetic children was used as the event time. Analysis considered censoring for losses to follow-up. The logrank and likelihood-ratio tests were used to compare progression to diabetes between groups. All algorithms were implemented in MATLAB version R2012b. Statistical analyses were performed using R version 3.0.2 (http://www.R-project.org) and the IBM SPSS Statistics software (version 22.0, Chicago, IL, USA).
Results
Clustering algorithm applied on BABYDIAB cohort The clustering algorithm was applied to the longitudinal autoantibody profiles of 88 children from the prospective BABYDIAB cohort who developed multiple islet autoantibodies. Branches of the resulting dendrogram (Fig. 2a) were used to determine cluster sizes such that reasonable statistical comparisons between clusters were possible. Based on this approach, children were grouped into nine clusters of two to 18 children with similar sequential autoantibody profiles (Fig. 2b) . Detailed autoantibody profiles are shown for each child in ESM Fig. 1 . Characteristics of the clusters are shown in ESM Table 1 .
Autoantibody clusters and progression to diabetes
Progression from islet autoantibody seroconversion to clinical type 1 diabetes or last contact in non-diabetic children was effectively stratified by the autoantibody clusters (likelihoodratio test, p = 0.003, compared with null model without predictors; Fig. 3 ). The 5 year risk of diabetes ranged from 6% (95% CI 0, 16.4) for children in cluster 1 up to 73% (28.4, 89.6) for children in cluster 6 ( Fig. 3 ; ESM Table 1 ). Notably, two clusters (cluster 1 and cluster 4) showed considerably delayed progression compared with all remaining clusters (Fig. 3) . While most children in cluster 1 (n = 14; 78%) were characterised by not developing more than two autoantibody specificities, all 12 children in cluster 4 developed at least three and the majority (75%) all four autoantibodies ( Fig. 2b; ESM Fig. 1 ). The sequential autoantibody profiles of cluster 4 had in common a lack of IAA at the last observation. Nine (75%) children in this cluster developed IAA and then lost positivity during follow-up. The remaining three children in cluster 4 were IAA-negative throughout. Similar to the longitudinal change of IAA status in cluster 4, most children in cluster 3 (n = 7; 78%) developed all four autoantibodies and then lost GADA positivity during follow-up. Children in cluster 3 progressed faster to diabetes than those in cluster 4 (p = 0.02; Fig. 3 ), suggesting that in children with three or four positive islet autoantibodies, losing IAA positivity was more strongly associated with a delay in progression than losing GADA. Moreover, children in the closely related clusters 5, 6 and 7 who developed all four autoantibodies without losing IAA on follow-up progressed significantly faster to diabetes than those in cluster 4 (p = 0.004).
Loss of IAA positivity on follow-up and progression to diabetes Based on the variation in progression to diabetes among clusters of children with three or four positive islet autoantibodies, and the observation that most children in the rather slowly progressing cluster 4 became IAA-negative during follow-up, we hypothesised that losing IAA positivity could be associated with a delay in the development of clinical type 1 diabetes among multiple-autoantibody-positive children. In order to test this hypothesis, all children who first seroconverted to IAA positivity and developed at least two other islet autoantibodies (n = 57) were stratified according to IAA status on follow-up and analysed for progression to diabetes (Fig. 4) . Supporting our assumption, the 10 year risk of diabetes from seroconversion was 23% (0, 42.9) in those who became IAA-negative during follow-up compared with 76% (58.7, 85.6) in those who remained IAA-positive (logrank test, p = 0.004; Fig. 4a) . Notably, HLA DR-DQ genotypes were similarly distributed between both groups (Fig. 4b) . For comparison, when all 88 multipleautoantibody-positive children were stratified according to the IAA status of their last available follow-up samples, the 10 year diabetes risks were 23% (6.3, 36.8) in IAA-negative and 75% (59.2, 84.1) in IAA-positive children (logrank test, p < 0.0001; ESM Fig. 2 ).
Discussion
Identifying characteristic patterns of progression in islet autoantibody-positive children may help to improve our understanding of the aetiology and pathophysiological mechanisms of type 1 diabetes and refine risk stratification. In this study, we developed a clustering algorithm to tackle the complexity of dynamic changes in longitudinal datasets with multiple variables. Specifically, we considered the sequence of appearance and longitudinal qualitative changes of islet autoantibodies, enabling the clustering of children from the prospective BABYDIAB cohort based on similarities in their sequential autoantibody profiles. This novel analytical approach revealed different progression rates to clinical diabetes between clusters of multiple-autoantibody-positive children. Moreover, the progression rates and sequential autoantibody profiles of clusters pointed to a longitudinal immune pattern, namely the loss of IAA reactivity in children with a broad autoantibody response against three or more beta cell autoantigens, being associated with delayed progression to type 1 diabetes.
Islet autoantibodies are currently the best established and most widely used immune markers for stratifying pre-clinical Autoantibody-positive status is indicated in black, and autoantibody-negative status in grey. The compressed profiles are framed indicating whether the child has developed diabetes on follow-up (red frame) or remained diabetes free (blue frame) type 1 diabetes and selecting participants for secondary prevention trials [31] . It has long been recognised that diabetes risk is related to the number of positive autoantibody specificities [32, 33] ; more recently, it has been demonstrated that, within a variable time course, multiple-autoantibodypositive children will progress to clinical type 1 diabetes [11] . Progression can be stratified at various degrees by antibody characteristics such as target specificity [14, 16, 17, 34] , titre [13, 15] or age at seroconversion [35] , as well as by genetic [36] [37] [38] [39] and metabolic markers [40] [41] [42] [43] . However, individual sequences of complex autoantibody profiles over time have so far rarely been analysed in prospective studies of type 1 diabetes [21, [44] [45] [46] [47] . We here provide an unbiased data-driven algorithm to subdivide children positive for multiple islet autoantibodies based on their longitudinal autoantibody profiles. The analysis was performed using data from the longest-running prospective cohort studying the natural history of type 1 diabetes in the offspring of affected parents [7] . Additional strengths of this study lie in the consideration of all four major islet autoantibodies (IAA, IA-2A, GADA and ZnT8A), which were measured for all children on follow-up. Importantly, our approach was able to refine risk stratification among children with three or four positive autoantibodies, which was not possible using the common model based on the maximal number of positive islet autoantibodies developed on follow-up (ESM Fig. 3 ).
Slower progression to diabetes was demonstrated in those with two positive autoantibodies, similar to cluster 1 in our approach. Furthermore, our novel approach is generally applicable to analyse other qualitative longitudinal data. We therefore believe that the proposed method provides new opportunities to stratify children into high-and low-risk clusters that could be linked to genotype, and environmental and/or other aetiological factors. In addition, longitudinal patterns could be recognised and investigated with respect to pathophysiological relevance. At this stage, however, constraints have to be considered. The high complexity of the data means that any approach to analysis must aim at suitable reduction of dimensionality without losing valuable information. For this reason, the applied distance measure was chosen such that the complexity of the longitudinal autoantibody profiles was reduced to enable the quantification of differences in binary on and off patterns of sequential autoantibody profiles between children. The derived measure is based on Hamming distances [29] , a commonly applied distance measure for comparisons of binary vectors. Furthermore, our approach abstracts from the concrete time intervals between successive probes. In order to deal with differences in sampling intervals and sampling times, we computed compressed matrices reflecting qualitative changes in autoantibody profiles only. We deliberately did not consider quantitative changes in autoantibody responses in the current analysis. In addition, the sample size within clusters was relatively small. The approach would therefore benefit from further refinement and validation in larger cohorts with shorter and more consistent time intervals between individual samples, such as The Environmental Determinants of Diabetes in the Young (TEDDY) study [21] .
It is reassuring overall that our clustering approach was able to identify reasonable patterns of longitudinal autoantibody profiles and to reveal heterogeneity among multiple-autoantibody-positive children. Immunological heterogeneity has recently been shown in a combinatorial multivariable analysis of autoantibodies and autoreactive T cell responses in children and adolescents with newly diagnosed diabetes, suggesting that different immunopathological processes, or endotypes, may underlie type 1 diabetes [48] . Longitudinal profiles were not considered in this study. Importantly, our clustering approach revealed the loss of IAA reactivity in multiple-autoantibodypositive children as a longitudinal immune pattern that was indicative of delayed progression to clinical type 1 diabetes. We were able to recognise this relation because losing IAA immunogenicity was a main characteristic of children in autoantibody cluster 4, who also constituted the majority of children in the subgroup with delayed progression. In contrast, the loss of GADA reactivity was not associated with a delayed progression rate, suggesting that the beta cell autoantigen against which the autoantibody response is lost in the course of diabetes development could be of pathophysiological relevance. Insulin autoimmunity is a hallmark of childhood type 1 diabetes. High-affinity autoantibodies against insulin are usually the first to appear in young children, followed by the expansion of autoimmunity to other beta cell autoantigens before the onset of diabetes [13, 49] . It could therefore be possible that insulin autoimmunity is directing disease progression in the majority of affected children. Our current observation may support the hypothesis that loss of IAA reactivity in children reflects an insulin-specific immune regulation, which could have implications for the design of future intervention trials in type 1 diabetes and should be explored in future studies. Alternatively, the loss of IAA may simply be a matter of increasing age and therefore seen in children with slow progression. Nevertheless, we have recently shown that high frequencies of insulin-specific regulatory T cells are found in multiple-autoantibody-positive children who do not progress to clinical type 1 diabetes and therefore could indicate at least periods of successful ongoing immune regulation in such children [50] .
In conclusion, our unbiased data-driven clustering approach provides a novel tool for stratification of islet autoantibody-positive children that has prognostic relevance. The refined stratification could provide new opportunities for elucidating complex disease mechanisms of type 1 diabetes. Furthermore, the approach could be applied to any dataset where multiple variables are measured over time. The observed association between the loss of humoral autoimmunity against insulin and the delay in progression to clinical type 1 diabetes among multiple-isletautoantibody-positive children in our study demands further analyses of the underlying biological mechanisms.
